Fine-mapping of interesting loci discovered by genome-wide association study (GWAS) is mandatory to pinpoint causal variants. Traditionally, this fine-mapping is completed through increasing the genotyping density at candidate loci, for which imputation is the current standard approach. Although imputation is a useful technique, it has a number of limitations that impede accuracy. In this work, we describe the development of a precise and cost-effective Nanopore sequencing-based pipeline that provides comprehensive and accurate information at candidate loci to identify potential causal single-nucleotide polymorphisms (SNPs). We demonstrate the utility of this technique via the finemapping of a GWAS positive hit comprising a synonymous SNP that is associated with doxorubicininduced cardiotoxicity. In this work, we provide a proof of principle for the application of Nanopore sequencing in post-GWAS fine-mapping and pinpointing of potential causal SNPs with a minimal cost of just~$10/100 kb/sample.
INTRODUCTION
The genome-wide association study (GWAS) is one of the most commonly used pharmacogenomic approaches and provides positive statistical associations between variants and an investigated phenotype (Magdy and Burridge, 2018) . The vast majority of GWASs depend solely on genotyping chips that capture only hundreds of thousands of SNPs known as ''tag SNPs'' that are distributed across the entire genome (MacArthur et al., 2017) . Tag SNPs are SNPs in perfect linkage disequilibrium (LD) with many other neighboring SNPs and act as surrogates for their detection. Thus, a statistically significant GWAS hit is always co-inherited (linked) with several other SNPs that have indistinguishable statistical associations with the studied phenotype, leaving us with numerous possibilities to investigate in relation to causality. Owing to this LD issue, GWASs require downstream fine-mapping and further genetic examination at candidate loci to provide more comprehensive information about positive hits and eventually narrow down the list of potential causal SNPs for downstream mechanistic validation (Magdy et al., 2016) . Importantly, traditional fine-mapping essentially starts with identifying all variants that are co-inherited with a GWAS statistically significant association through increasing the genotyping density at candidate loci, for which imputation is the current standard approach. Imputation infers information about un-typed markers by comparing a genotyped cohort with a population-specific reference panel of haplotypes. HapMap3 and 1,000 genomes phase 3 (Genomes Project et al., 2010; Abecasis et al., 2012) reference panels are frequently used in imputation comprising 1.6 M and~80 M genotyped SNPs in 1,184 and 2,504 individuals across different ancestor populations, respectively. Although imputation algorithms have added more power to GWASs, imputed genotypes accuracy is influenced by several factors. Although pre-phasing of the target dataset increases imputation speed, it decreases imputation accuracy as compared with no pre-phasing (Roshyara et al., 2016) . Imputation at chromosome X (apart from pseudo autosomal regions) for which males are haploid requires special care, as this hemizygosity reduces effective population size (N e ), resulting in misleading longer shared haplotype stretches between individuals, and thus affects imputation accuracy (Konig et al., 2014) . Imputation accuracy is also inversely correlated with lower minor allele frequency making it more challenging to predict rare alleles (Marchini and Howie, 2010) . Selecting the correct reference panel is very critical for imputation accuracy; thus, mixed ethnicities heterogeneous cohorts could affect predicted genotypes (Browning, 2008) . Different genotyping chips, study sample size, number of missed genotypes, and different imputation software could affect the accuracy of imputed genotypes (Marchini and Howie, 2010) . Finally, imputation could provide information for previously identified SNPs in a particular population; however, it is unable to identify novel variant that might be harbored by a study cohort.
Recently, Oxford Nanopore Technologies has introduced a single molecule-based portable sequencer, MinION. MinION is capable of generating ultra-long sequence reads (up to 200 kb) that improves alignment and assembly. Nanopore sequencing utilizes synthetic nanopore proteins that are embedded into an electrically resistant polymer membrane. Ionic current is generated by applying voltage across the membrane at the beginning of the experiment, and base calling is generated by recording the disruption in ionic current caused by each nucleotide passing through nanopore protein (Jain et al., 2016) . MinIONderived long sequence reads have been successfully utilized to genotype single nucleotide variants (SNVs) and identify insertions, deletions, and translocations in different types of diseases (Lang et al., 2018; Patel et al., 2018; Fuselli et al., 2018) . The long sequencing reads generated by nanopore technology provide cost-effective, high depth of coverage and phasing of identified variants. Moreover, real-time data analysis provides the privilege of controlling the utilization of the MinION flow cell, as the sequencing could be stopped once sufficient coverage is reached.
Another unique advantage of Nanopore long reads is the feasibility of variants phasing. Phasing by definition is the assignment of variant alleles to paternal or maternal chromosomes and thus adds more useful information from each Nanopore sequencing experiment. Phasing could help identify inheritance patterns, allele-specific expression, haplotype resolution, and disease risk haplotypes, and accordingly, it may compensate for the analysis of relatives in rare clinical research samples (Mantere et al., 2019) . The success rate of short sequence reads-based phasing is~20% because reliable phasing requires that heterozygous variants are covered by the same sequence read, which is a big limitation for short sequence reads (Goldmann et al., 2016) . On contrary, Nanopore long reads facilitate phasing of genetic variants that are multiple kilobases apart directly from sequencing reads (Laver et al., 2016) , as well as complex genomic regions such as the major histocompatibility complex (MHC) locus that encompasses 4 Mb (Jain et al., 2018) .
Here, we use data from a recent large multi-center pediatric GWAS that revealed a candidate cardioprotective SNP (rs7853758, G>A, L461L) in SLC28A3, previously called human concentrative nucleoside transporter-3 (hCNT3), as significantly associated with lower risk to develop doxorubicin-induced cardiotoxicity (DIC) . This GWAS hit, rs7853758, is a synonymous SNP and thus most likely is not the causal SNP. In this work we sought to introduce a Nanopore-based precise and cost-effective pipeline for multiplexed targeted resequencing that provides high-level (~500x) depth of coverage and helps identify potential causal SNP/haplotype.
RESULTS AND DISCUSSION
Nanopore Sequencing of SLC28A3 and Long Sequence Reads Alignment First, we PCR amplified and validated nine amplicons compassing SLC28A3 gene (Figures S1A and S1B); we then sequenced the multiplexed amplicons from six patients using MinION Nanopore sequencer. Cumulative number of generated bases was 0.51, 1.1, 0.61, 0.87, 0.9, and 1.3 GB, and cumulative number of generated sequencing reads after demultiplexing was 103328, 182305, 117217, 195579, 226355 , and 244678 reads, for DNA from patients BC01, BC02, BC03, BC04, BC05, and BC06, respectively (Figures S2A and S2B) . Median read quality was 10, 10.2, 10.1, 10, 9.7, and 10.1 for BC01, BC02, BC03, BC04, BC05, and BC06, respectively ( Figure 1A ).
We next aligned sequence reads to reference human genome (GRCh38.p92) to check for non-specific PCR products. Aligning reads to reference genome resulted in a single peak encompassing SLC28A3 gene locus in our six samples ( Figures 1B and 1C ). The median percent identity of aligned reads was 89%, 88.7%, 88.9%, 88.6%, 88.7%, and 88.8% for BC01, BC02, BC03, BC04, BC05, and BC06, respectively ( Figure S3 ). The depth of coverage at SLC28A3 locus for all samples was well correlated, in that average Pearson correlation co-efficient of one sample in relation to the other five samples was 0.7, 0.9, 0.86, 0.86, 0.7, and 0.87 for BC01, Figure 1 . BC02, BC03, BC04, BC05, and BC06, respectively ( Figure 1D ). Taken together, homogeneous depth of coverage and read quality of all multiplexed samples along with the availability of a 96-barcoding kit maximizes the utility of this pipeline.
Variant Identification from Aligned Nanopore Long Sequence Reads
We next sought to identify SNPs in the study patients using Nanopolish variant caller. In total 133 SNPs were identified, all of which have at least one variant allele in at least one patient ( Figure 2A ). The vast majority of identified SNPs are intronic (n = 93), 25 SNPs are located in 5 0 -UTR, 12 SNPs are located in 3 0 -UTR, in addition to three coding SNPs including two synonymous and one non-synonymous SNP (Figure 2A and Table S6 ). Of 133 identified SNPs, 28 are novel SNPs that have not been previously reported ( Table S6 ). For all patients, Nanopore genotypes of the original GWAS hit, rs7853758, were in concordance with the GWAS-chip genotypes ( Figure 2B ). Novel SNPs included 14 intronic SNPs, 12 SNPs located in 5 0 -UTR, one SNP located in 3 0 -UTR, in addition to one non-synonymous SNP located at chr9:84285427 results in amino acid alteration Ala522Val (Table S6 ). The identified novel SNPs are co-inherited in both cardiotoxicity and cardioprotective patients and thus unlikely to be involved in doxorubicin-induced cardiotoxicity. However, identification of SNPs that are not captured by the GWAS SNP-chip is a major strength of the proposed pipeline, as these SNPs might have been missed if imputation only was implemented for fine-mapping. Figure 2C ). This finding shows that~500x depth of coverage is sufficient for reliable variant calling from Nanopore sequence reads. Moreover, the cumulative yield of a single Nanopore flow cell ranges between 7 and 10 Gb, and thus, when coupled with the available barcoding kits, this pipeline could be used to examine several candidate loci in at least 96 multiplexed samples.
Genotype Concordance between Nanopore SNPs and InfiniumOmniExpress-24v1-2
We had access to chip-based 94 genotyped loci distributed across SLC28A3 gene in the six patients we sequenced (n = 563, one genotype was missed in one sample), allowing us to check for concordance rate at these overlapping sites. Using SnpSift , we examined genotype concordance between the nanopore sequencing and InfiniumOmniExpress-24v1-2 genotyping chip. We found that 514 of the 563 overlapping genotypes were concordant (91.3%), i.e., both technologies called the same genotype (homozygous reference, heterozygous, or homozygous non-reference) at the same loci for a particular patient ( Figure 2D and Table S7 ).
Functional Annotation Analysis Identifies Potential Causal SNP/Haplotype
We next examined which SNPs are linked in cardioprotected patients. Of the 133 identified SNPs, 24 SNPs including the GWAS hit are co-inherited in cardioprotected patients ( Figure 3A and Table S6 ). These 23 SNPs are distributed as follows: eight SNPs are located in 3 0 UTR, 14 SNPs are intronic, and 1 coding synonymous SNP ( Figure 3B ). Interestingly, seven SNPs are located within a long non-coding RNA, AL356134.1, that overlaps with SLC28A3. Moreover, SNP rs11140490 is located at the splice site of the first exon of AL356134.1 ( Figure 3C ).
In order to narrow down the list of potential variants implicated in the cardioprotective phenotype after doxorubicin treatment, we investigated the regulatory properties of all non-coding candidate SNPs. Using ENCODE and Roadmap Epigenomics (Kundaje et al., 2015) data and DeepSEA algorithm, we examined the functional effect of each SNP on altering chromatin features (transcription factors, DNase hypersensitive site, and histone marks) binding sites. Among all SNPs, rs11140490 and rs4877835 have the most substantial regulatory effects as both SNPs have been predicted to be involved in altering the binding site of 206 and 204 chromatin features, respectively ( Figures 3D and S4 , Tables S8 and  S9 ). In that, SNP rs11140490 is predicted to alter the binding sites of 43 features with log2 fold change of R 1 ( Figure 3E ), whereas rs4877835 is predicted to alter the binding sites of only four features with log2 fold change of R 1 ( Figure 3F ). Importantly, the primary GWAS significant association does not show any chromatin regulatory effect ( Figure 3G ).
Since doxorubicin-induced cardiotoxicity affects mainly heart cells, we then performed an additional regulatory analysis exclusively focusing on human cardiac tissue, and for that we used ensemble regulatory build that includes transcription factors, histone mark, and DNase hypersensitive regions. Six SNPs, rs11140490, rs4877835, rs4877831, rs7047898, rs885004, and rs10868137, are found to be located in at least one regulatory region in human cardiac tissue (Table S10 and Figure S5 ).
Then using phastCons database and SnpSift , we checked which of candidate SNPs are located in a highly conserved locus. We found that SNP rs4877835 is located in a highly conserved locus as compared with rs11140490, and rs10868137 with a conservation score of 0.75, 0.04, and 0.001, respectively ( Figure 3H ).
Finally, to investigate further regulatory consequences of these candidate SNPs, we used the Genotype-Tissue Expression (GTEx) project database (https://www.gtexportal.org/home/) and investigated which of the identified candidate SNPs have been shown to be an expression quantitative trait loci (eQTL). Almost all of the candidate SNPs have been previously identified as eQTL in cultured fibroblasts, thyroid, and brain tissues. In that, SNP rs4877831 is the most significant eQTL in cultured fibroblasts and SNP rs7030019 is the most significant eQTL in both thyroid and brain tissues ( Figure 3I and Table S11 ).
These findings when taken together suggest that rs11140490 is the SNP with the highest likelihood to be causal. However, other candidate SNPs with positive functional annotations might also have a protective role against DIC ( Figure 3J ). SNP rs11140490 alone or in interaction with other identified candidate SNPs revealed from this analysis ( Figure 3J ) could affect the transcription and/or expression of AL356134.1, which regulates the expression of doxorubicin-related genes including SLC28A3 and eventually regulates patients' susceptibility to doxorubicin-induced cardiotoxicity.
Fine-Mapping at SLC28A3 Locus Using Genotype Imputation
We next sought to compare Nanopore-based fine mapping and imputation-based fine mapping at the SLC28A3 locus. The original GWAS that identified SNP rs7853758 used a genotyping chip that covers~2,000 SNPs across 220 ADME (absorption, distribution, metabolism, and excretion)-related genes, which included 23 SNPs distributed across SLC28A3 . Genotype imputation of additional SNPs not present on the GWAS genotyping platform was done using SHAPEIT for phasing followed by IMPUTE2 ) with 1K genomes reference panel. To validate the imputation analysis, known GWAS genotypes were masked one variant at a time and imputed using the remaining study and reference data. Internal cross-validation showed that the mean concordance between imputed genotypes (including the original GWAS hit, rs7853758) and the original genotypes was 98.5% (Table S12 ).
In total, 817 additional SNPs were imputed with an accuracy ranging from 0%-100%. In that, 73 SNPs were imputed with at least 90% accuracy and 52 SNPs were imputed with at least 99% accuracy ( Figure 4A ). Schurz et al. among others showed that imputation accuracy significantly decreases with lower minor allele frequency (MAF) SNP (Schurz et al., 2019) . Similarly, we have noticed that imputation accuracy is inversely correlated with SNPs MAF, emphasizing the value of the Nanopore-based pipeline in identifying rare variants that could have been otherwise missed ( Figure 4B ). We then focused on the Nanopore-identified cardioprotective haplotype (24 SNPs) that is co-inherited in cardioprotected patients. Only 19 SNPs within this haplotype were imputed in the study cohort ( Figure 4C ), whereas five SNPs that have been identified with the Nanopore pipeline were not imputed. Although the European population represented by this study cohort has substantial long LD haplotype stretches, imputation was not able to identify all SNPs identified by Nanopore sequencing at the investigated candidate locus. Thus, we believe that Nanopore sequencing pipeline provides a comprehensive finemapping approach specially when studying populations with higher recombination rates and shorter haplotype stretches such as the African population. Similarly, Nanopore pipeline is very useful when studying cohorts with no available reference panel. When analyzing such cohorts and in case of any limitation that prohibits sequencing all the cohort samples, a subset of samples might be sequenced at interesting loci using the Nanopore pipeline, and the generated data could serve as a reference panel for this particular cohort and is subsequently used for imputation-based fine-mapping for the rest of the cohort samples. was used to calculate linkage disequilibrium between SNPs, and finally the haplotype LD map was generated using Haploview V4.2.
( Figures 4D and 4E , and Table S13 ). Seven SNPs of the main haplotype are located within a long non-coding RNA (LNCRNA), AL356134.1, that overlaps with SLC28A3, forming a sub-haplotype block ( Figure 4E ). The seven SNPs that constitute this sub-haplotype are rs11140490 (A>G), rs10868135 (T>C), rs4877831 (C>G), rs4877833 (T>C), rs7853066 (A>G), rs7853758 (G>A), and rs7030019 (A>G).
We next investigated the allelic frequency of the AL356134.1 overlapping sub-haplotype. Seven structural Haplotype I-VII were identified ( Figure 4F ), in that Haplotype I comprises the reference alleles for all seven SNPs (ATCTAGA) and is inherited in 71.7% of the examined population, whereas haplotype II is built of the variants alleles for all seven SNPs (GCGCGAG) and is inherited in 17.7% of the examined population ( Figure 4F ). This finding is consistent with the linkage disequilibrium pattern identified by the Nanopore pipeline. Nanopore sequencing for candidate loci is thus significantly more cost-effective as compared to other sequencing approaches including the commonly used Illumina targeted sequencing that costs~$50/sample. These cost estimates do not include the cost of the Miseq Illumina sequencer, which is about $125,000. On contrary, the Nanopore MinION sequencer is included in a basic starter kit that also includes two flow cells and a sequencing kit all of which costs $1,000. A detailed cost estimates for Nanopore sequencing and Illumina targeted sequencing are mentioned in Table S14 .
Nanopore Pipeline Is a Cost-Effective Pipeline for Candidate Loci Sequencing
In summary, Nanopore long-read sequences coupled with long-range PCR comprises a useful aide for comprehensive post-GWAS fine-mapping and helps identification of causal SNP/haplotype. Using the herein introduced pipeline, 100 kb candidate loci sequencing with ample depth of coverage of 500x, that is compatible with reliable downstream variant calling would cost~$10/sample. Real-time analysis of Nanopore sequencing run makes other permutations such as examining bigger candidate loci and smaller number of samples also possible at similar cost. Nanopore-based fine-mapping is able to prioritize candidate causal SNPs and is more comprehensive as compared with imputation-based fine mapping. The Nanopore-based approach eliminates the need for costly traditional post-GWAS resequencing strategies while still providing extensive information for examined genetic loci. Fine-mapping approaches, weather it is statistics based or functional annotation based when coupled to our pipeline that provides high-density genotyping information, will substantially help prioritization and identification of causal SNPs. The constant improvement in long reads aligning and variant calling algorithms will definitely expand the utility of this pipeline in the future.
Limitation of the Study
In this work we provide a proof of principle for the application of Nanopore sequencing in post-GWAS finemapping and pinpointing of potential causal SNPs. However, low sample size is a limitation of our study. Herein, six well-phenotyped, doxorubicin-exposed patients from the Canadian cohort were specifically rerecruited according to the original inclusion criteria. Re-recruiting more patients with similar strict criteria is very challenging and time consuming. Our proposed pipeline is worth testing in a larger cohort.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
DATA AND CODE AVAILABILITY
The data that support the findings of this study are available from the corresponding author upon reasonable request.
iScience, Volume 23
Supplemental Information
Precise and Cost-Effective Nanopore Sequencing 
Transparent Methods

Patient recruitment and hiPSC-CM generation.
SNP rs7853758 is associated with cardioprotective effect after doxorubicin treatment in a Canadian pediatric patient population, and has been validated in both Dutch and US patient populations (Aminkeng et al., 2015) . With written consent, six well-phenotyped, doxorubicinexposed patients from the Canadian cohort were specifically re-recruited according to the original inclusion criteria ( kb at the 5'UTR and 3`UTR, respectively were amplified using long range PCR. A set of primer pairs were designed to amplify nine overlapping amplicons covering the target region whereas, the length of amplicons ranged between 5732 and 9908 bp ( Table S3 ). Generation of overlapping amplicons help compensate for the low depth of coverage at the start and the end of each sequence read. Using ~200 ng of DNA per reaction, amplicons were amplified using PrimeSTAR GXL DNA Polymerase (Takara) via three steps-PCR. PCR conditions were optimized for each amplicon to avoid any unspecific amplification. PCR reaction mixture components and cycling conditions are mentioned in Table S4 . Amplified amplicons were then purified using PureLink PCR Purification Combo Kit (Thermo Scientific) to get rid of contaminants that could damage the pores of the Nanopore flow cell, and eventually decrease the number of the sequencing reads.
Amplicon validation prior sequencing
PCR products (amplicons) were run on 1% agarose gel and visualized by staining with GelGreen Nucleic Acid Stain (Biotium) (Figure S1A) . Gel bands corresponding to target amplicons size were confirmed for all amplified amplicons. For further confirmation, ~ 1 kb at the start and the end of each purified amplicon were then Sanger sequenced, and in silico aligned to its relevant reference sequence (Figure S1B) . The quality and concentration of the generated amplicons were assessed using NanoDrop 8000 and Qubit 3.0 fluorometer, respectively (Table S5 ). It is important to generate amplicons with reasonable purity to avoid ruining the pores of the flow cell which decreases the number of generated sequence reads. Thus, amplicons with 260/280 and 260/230 absorbance ratios of less than 1.8 and 1.5, respectively were excluded and regenerated.
MinION library preparation and flow cell loading
Library preparation was done using ligation sequencing (Oxford, Nanopore, SQK-LSK108) and
1D Native barcoding (Oxford, Nanopore, EXP-NBD103) kits. All amplicons were pooled together in an equimolar amount and repaired using NEBNext End repair / dA-tailing Module (New England Biolabs, E7546). Reaction mix was prepared by adding 45 µl eluted DNA to 7 µl Ultra II End-prep reaction buffer, 10 µl Ultra II End-prep enzyme mix, and 5 µl nuclease-free water.
Reaction mix was then incubated for 5 min at 20 °C followed by 5 min at 65 °C. DNA was then purified using AMPure XP beads (see above). Finally, 25 µl clear elute was transferred into DNA LoBind tube.
Each sample was then barcoded using 1D Native barcoding (Oxford, Nanopore, EXP-NBD103), by adding 2.5 µl native Barcode to 22.5 µl end-prepped DNA, and 25 µl Blunt/TA 20 Ligase Master Mix (New England Biolabs, M0367). Reaction mix was then incubated for 10 min at room temperature, DNA was then purified using AMPure XP beads (see above), and 26 µl of clear elute was transferred into Eppendorf DNA LoBind tube.
Barcoded samples were pooled in an equimolar amount to a final concentration of 700 ng, then diluted by adding 24 µl nuclease free water. Adapters were then ligated using NEBNext Quick Ligation Module (New England Biolabs, E6056). Pooled DNA (700 ng) was then mixed with 20
µl Barcode Adapter Mix, 20 µl NEBNext Quick Ligation Reaction Buffer, and 10 µl Quick T4 DNA Ligase. Reaction mix was then incubated for 10 min at room temperature, and DNA was then purified by adding 62 µl AMPure XP beads Beckman Coulter, A63880), incubated on a hula mixer at room temperature for 5 min, spun down, and pelleted on a magnet, and supernatant was discarded. Beads were then resuspended in 140 µl Adapter Bead Buffer (ABB) by flicking the tube, pelleted on magnet, and supernatant was discarded (resuspension step was repeated). Pellet was resuspended in 15 µl Elution Buffer, incubated for 10 min at room temperature, pelleted on magnet until the elute is clear, and finally 15 µl clear elute was transferred into Eppendorf DNA LoBind tube.
Priming mix was prepared by adding 576 µl RBF to 624 µl nuclease-free water, then 800 µl priming mix was loaded on the flow cell using priming port dropwise to avoid the introduction of air bubbles. Five minutes later, SpotON sample cover on MinION was opened and 200 µl priming mix was loaded. DNA library was prepared for loading by adding 12 µl DNA library to 35 µl RBF, 25.5 µl LLB, and 2.5 µl nuclease-free water. DNA library was gently mixed, loaded on the flow cell (FLO-MIN 106 R9 version, FAF19356) through SpotON port. Library was then sequenced for 48 hours with live base-calling.
Raw sequencing data and SNPs functional analysis
Raw barcoded sequence reads were demultiplexed into six fastaq files using Porechop (Wylie et al., 1996) . Quality of demultiplexed sequence reads were assessed using Nanopack (De Coster et al., 2018) . Sequence reads were then aligned to reference human genome (GRCh38.p92) using minimap2 (Li, 2018) "-ax map-ont", sam files were then sorted and converted into bam files using SAMtools (Li et al., 2009) . Bam files were down-sampled using SAMtools "-s 0.1 to -s 0.9", and the quality of aligned reads were assessed using Nanopack (De Coster et al., 2018 ). Depth of
